Cyanobacteria are remarkably resistant organisms to changes in environmental conditions and very well protected against photooxidative damage generated by reactive oxygen species (ROS) whose attacks might result in the decline of the photosynthetic activity (photoinhibition). Carotenoids are indispensible components in the protection. Their photoprotective role is related to their ability to quench excited singlet-state and triplet-state chlorophyll, and scavenge the singlet-state oxygen, those are highly destructive ROS. Besides this very essential protective role, carotenoids act as accessory light harvesting pigments and regulate the membrane organization.
Phytoene synthase encoded by the crtB gene, which is the first committed step in carotenoid biosynthesis pathway, produces phytoene which is converted to various carotenes and xanthophylls. In Synechocystis sp. PCC 6803, one of the most studied cyanobacteria, the major carotenoids are as follows; β-carotene; its hydroxyl derivative, zeaxanthin; its keto derivative, echinenone and 3'hydroxyechinenone and the carotenoid glycoside, myxoxanthophyll. Recent Xray structural analysis revealed that β-carotene is the only carotenoid identified in the photosynthetic complexes of cyanobacteria. Besides β-carotene, all other carotenoids are found in the thylakoid membrane, cytoplasmic membrane and cytosol in cyanobacteria. The increase in their level is detected under various stress conditions. The substitutions of the β-carotene molecule determine the antioxidative properties against photooxidative stress. In general, hydroxy carotenoids are good in inactivating peroxy radicals whereas keto derivatives are more efficient in quenching of reactive singlet oxygen and possess the best stability against peroxy radicals and photooxidation.
Twelve carotenoids were found in monomeric PSII complex of Thermosynechococcus elongatus (T. elongatus) by X-ray crystallography. PSII is believed to be the most sensitive photosynthetic complex to photooxidative stress which is likely due to the absence of central antenna domain in PSII. Earlier studies suggested that β-carotene is vital for accumulation of D1 in the green alga Chlamydomonas reinhardtii as well as in Synechocystis PCC 6803. Therefore, carotenoid availability seems to be a major factor in the assembly of functional PSII.
Twenty two carotenoids have been identified in the structure of monomeric PSI from T.
elongatus. PSI is generally less sensitive to light and its carotenoid-triggered photoprotection is less known. Norflurazon (inhibitor of phytoene synthase)-treated Scenedesmus obliquus cells lacking carotenoids still contain some PSI and charge separation can be detected. Samples in which all carotenoids are extracted with organic solvents lack the quinones but are still able to perform electron transfer from P700 to A0.
Photosynthetic processes occur in PSI and PSII RC composed of pigment-protein complexes embedded in the thylakoid membrane. Lipid-protein and lipid-pigment interactions play an important role in the regulation of photosynthesis. Thylakoid membranes of cyanobacteria possess a characteristic membrane lipid composition that consists of glycolipids and phospholipids. In cyanobacteria and in the thylakoid membrane of higher plants, phosphatidylglycerol (PG) is the only phospholipid. The recent X-ray crystallographic structure of T. elongatus showed that there are PG molecules in the PSII complex localized between CP43 and D1 as well as in PSI. PG depletion results in a decrease of the Chl content of cells and in a general slowdown of photosynthetic processes. A suppression of electron transport from QA to QB was detected, which may lead to over-reduction of QA and to the generation of QA 2-. PG plays an essential against low-temperature stress and high light stress.
AIMS
Changes in global environment might lead to stress conditions in photosynthetic organisms and limit the efficiency of photosynthesis. Understanding photosynthesis and its protective mechanisms might lead to the development of plant, algae and cyanobacteria with improved growth characteristics even under stress conditions. Cyanobacteria, our model organisms, are regarded as an origin of the plant chloroplast; therefore they are excellent to study higher plant photosynthesis. Carotenoids are very important protective agents in photosynthesis due to their anti-oxidative properties against photooxidative damage. Their structural and functional features in protection mechanisms are not completely elucidated yet. Complete genome sequences and the transformability of several cyanobacterial strains allow us to generate various mutants and study the importance of carotenoids in photosynthetic processes. Therefore, the aims of my thesis are:
Generation of a viable oxygenic photosynthetic prokaryotic mutant in cyanobacterium
Synechocystis that is completely deficient in carotenoid synthesis. The aim of creating this mutant is to study (i) the structural and (ii) the functional consequences of carotenoid deficiency on photosynthesis for the first time, in vivo.
II.
Studying how carotenoids respond to stress conditions other than light stress; to this end PG depletion was induced in the Synechocystis sp. PCC 6803 pgsA strain.
MATERIALS & METHODS

Construction of Synechocystis ΔcrtH/B mutant
Restriction enzymes BglII and NotI were used to cut the cosmid clone cs0798 using the primers crtBup (5'-CGGTGCCCAACTTTTACCTA-3'), and crtBdown (5'-TCACCTAAGGGGAAACATCG-3'). . PG depletion was achieved by washing the cells twice with PG-free medium and keeping them afterwards in PG-free medium. Cultures were aerated on a gyratory shaker at 100 rpm.
Organisms and growth conditions
Pigment analysis
Synechocystis cells and subcellular fractions isolated from them were extracted with acetone:methanol (7:2 v/v) and centrifuged for 3 min at 4°C in a Sigma K-18 centrifuge (20,000×g). The supernatant fluid was evaporated under nitrogen gas and the extracted pigments were dissolved in HPLC-grade ethanol. Pigments were separated on a Prostar HPLC system (Varian, Miami, FL, USA), equipped with a photodiode array spectrophotometric detector Tidas I (World Precision Instruments, Sarasota, FL, USA) and a Nucleosil 100 C18 reversed phase column, 5 μ m particle size (Technokroma, Barcelona, Spain), using the solvent system described by Lagarde and coworkers (Lagarde et al. 2000) . Samples (100 μl) were filtered through a stainless steel filter (φ = 0.22 μm) and loaded on the column equilibrated with Solvent A (acetonitril:water:triethylamine, 9:1:0.01 by vol.). The column was eluted with Solvent B (ethyl acetate 100%), by a three-step gradient (0-40% B for 10 min, 40-60% B for 10 min, 60-100% B for 3 min) followed by an isocratic hold (2 min) at 100% B. During separation, a constant flow rate of 1.5 ml min -1 was ensured. The absorption spectra of the elutes (380-800 nm) was recorded every 0.2 s.
Carotenoid derivatives were identified on the basis of both their absorption spectra and their retention times. The relative content of each pigment was estimated by a comparison of peak areas on chromatograms recorded at 440 nm. The concentrations of carotenoid and Chl species were calculated from Beer-Lambert's law using their specific extinction coefficients at 440 nm and at 665 nm, respectively. (The echinenone content was calculated at 460 nm). Values are means ± SD from at least three individual experiments.
Thylakoid membrane isolation
Thylakoid and cytoplasmic membranes were isolated with some modifications according to Murata and Omata (1988, Methods Enzymol. 167: 245-251 Thylakoid membrane isolation; Thylakoid membranes were prepared by breaking the cells using glass beads according to Komenda and Barber (1995, Biochemistry 34: 9625-9631) with the following modifications: the cells were washed, broken and resuspended in 25 mM MES/NaOH, pH 6.5, containing 10 mM CaCl2, 10 mM MgCl2 and 25% glycerol. Glass beads were subsequently removed by filtering and thylakoid membranes were obtained by differential centrifugation Proteins separated in the gel were stained by Coomassie Blue. For autoradiography, the gel or the membrane with labeled proteins was visualized on X-ray films exposed at room temperature for 2 to 3 days or on Phosphorimager plates (GE Healthcar, Vienna, Austria) overnight. Quantitation of bands was done using ImageQuant 5.2 software (GE Healthcarotenoide, Vienna, Austria).
Protein analysis
2D gel electrophoresis -BN/SDS-PAGE;
Western blot analysis-Samples containing 1 µg Chl were loaded onto the denaturating gel (described above) and the separated proteins were transferred onto a PVDF membrane.
Membranes were incubated with specific primary antibodies and then with a secondary antibodyhorseradish peroxidase conjugate (Sigma, St. Louis, USA).
Oxygen-evolving activity measurements
Oxygen-evolving activity in whole cells was measured with a Clark-type oxygen electrode (Hansatech Instruments, Kings Lynn, U.K.) PSII oxygen-evolving activity was measured from H2O to parabenzoquinone (artificial acceptor), at a concentration of 500 μM. The cells were washed with BG11 medium and re-suspended in fresh BG11 medium for the measurement of oxygen evolution. An incandescent lamp equipped with a red optical filter was the light source. This arrangement was used for all the oxygen evolution measurements at a saturating light intensity of 500 μmol photons m -2 s -1
. The Chl concentration of the cells was adjusted to 5 μg ml
Chlorophyll a fluorescence measurements (Fv/Fm) and the changes in P700 signal (Pm-Po), and oxidation-reduction measurements of P700 kinetics Redox changes of P700 and Chl a fluorescence were measured by a Dual-PAM-100
Measuring System (Heinz Walz GmbH, Germany) equipped with DUAL-E Measuring Head (difference of intensities of 830 nm and 875 nm) with P700 Near Infra Red Emitter (720 nm) and DUAL-DR (red) Measuring Head (620 nm). The same amount of sample (equivalent to 20 μg Chl concentration) was filtered onto a Whatman GF/C glass-fiber disc. Three independent repetitions were made for each type of measurement. 
RESULTS
The crtB gene encoding phytoene synthase was inactivated in the partially carotenoid-less mutant ΔcrtH. Thus, a carotenoid-less double mutant, ΔcrtH/B, was produced. In the carotenoid-less ΔcrtH/B mutant levels of the large protein subunits of PSII were strongly suppressed, however, not those of PSI and Cyt b6f as detected by western blotting. D1
and D2 core-complex protein subunits were present at lower level than those of the WT under LAHG conditions. After the cells were exposed to light, even lower level of D1 and D2 protein subunits could be detected indicating photooxidation of those proteins in the absence of carotenoids. The level of CP47 and especially CP43 Chl-binding antenna protein subunits were the most affected. This is in agreement with the latest X-ray crystallographic model of PSII structure, which shows that most of the β-carotene molecules are located in the vicinity of the transmembrane α-helices of CP47 and CP43. 2D gel analyses of protein subunits of ΔcrtH/B in combination with their radioactive pulse-chase labeling provided clues how to explain why no active PSII complexes were assembled. The results show that, dimeric PSII complex could not be formed in the absence of β-carotene, even though very unstable monomeric PSII complex could be detected only by radioactive labeling. CP47 and especially CP43 protein subunits were not In order to analyze and localize the carotenoid accumulation in PG-deficient mutant we isolated thylakoid and cytoplasmic membrane fractions either from PG-supplemented or from PG- This is most likely the result of differently regulated biosynthetic steps of carotenoids under stress conditions.
We can conclude that carotenoids are indispensable components for the assembly and the function of photosynthetic complexes especially that of PSII shown for the first time, in vivo.
In the absence of carotenoids cells were extremely light sensitive and exposure to the low light resulted in strong photoinhibition. On the other hand we demonstrate that carotenoid accumulation is a response to different stress conditions other than high light stress as well, however, the increase in the level of specific carotenoids induced by PG-depleted stress conditions are regulated differently. 
